Synergy time-kill studies against 40 methicillin-resistant Staphylococcus aureus (MRSA) strains of differing resistance phenotypes were conducted. Subinhibitory concentrations of telavancin were combined with sub-MIC concentrations of other antimicrobial agents that might be used in combination with telavancin to provide Gram-negative coverage. The highest incidence of synergy was found after 24 h with gentamicin (90% of strains), followed by ceftriaxone (88%), rifampin and meropenem (each 65%), cefepime (45%), and ciprofloxacin (38%) for combinations tested at or below the intermediate breakpoint for each agent.
Methicillin-resistant Staphylococcus aureus (MRSA) strains are increasingly encountered and cannot be treated with available ␤-lactams. Most methicillin-resistant (and also some methicillinsusceptible) strains are resistant to all available quinolones, and vancomycin-heterointermediate (hVISA), vancomycin-intermediate (VISA), and vancomycin-resistant (VRSA) S. aureus strains have appeared (7-9, 16, 31) . Most multidrug-resistant S. aureus strains are nosocomially acquired and cause an array of sitespecific infections in hospitalized patients, including bloodstream infections, pneumonia, surgical site infections, and urinary tract infections (11) . However, in the past few years, there has been an increase in the incidence of community-acquired MRSA strains, which at this time are susceptible to most other agents but are more virulent than hospital strains (1, 15, 17, 18, 22, 24, 30) . The mechanism of this increased virulence may lie at least in part with production of toxins such as Panton-Valentine leukocidin (10, 29) and phenol-soluble modulin alpha 3 (20) .
Development of S. aureus strains with diminished susceptibility to vancomycin is at least partially caused by the selective pressure of vancomycin use in the community. The increase in the number of infections due to community-acquired MRSA will likely lead to more glycopeptide use in the community setting, therefore increasing the selective pressure for vancomycin resistance. Although alternative therapeutic modalities to vancomycin for treatment of systemic staphylococcal infections already exist, the situation will not remain stable and development of new drugs is therefore needed (3, 14) .
VISA strains with thickened cell walls are often not susceptible to daptomycin, dalbavancin, or oritavancin at established or proposed breakpoints (21; P. C. Appelbaum, unpublished information). In contrast, telavancin, an investigational lipoglycopeptide with a dual mechanism of action, is potent, with MICs of Յ1 g/ml against all MRSA phenotypes (including hVISA and VISA) with the exception of some VRSA strains (12, 13, 19, 23) . Telavancin was recently approved in the United States and Canada for treatment of complicated skin and skin structure infections due to Gram-positive pathogens (26) (27) (28) , including MRSA, and is under investigation as a oncedaily treatment for hospital-acquired pneumonia caused by Gram-positive bacteria (25) .
This study was performed to examine the synergistic activity of telavancin when combined with rifampin, gentamicin, cefepime, ceftriaxone, oxacillin, meropenem, and ciprofloxacin against 40 MRSA strains with various resistotypes. The 40 MRSA strains studied were recent isolates and comprised 15 community-acquired MRSA strains and 12 nosocomially acquired MRSA strains with known and differing resistance phenotypes (S. aureus ATCC 33591 was included among the nosocomially acquired MRSA strains), 2 hVISA strains (Hershey isolates, screened by the Etest macromethod and confirmed by population analyses), 8 VISA strains (4 Hershey Medical Center isolates, 4 from the Network on Antimicrobial Resistance in Staphylococcus aureus), and 3 VRSA strains (Detroit, Hershey, and NYC isolates).
In vitro methodology for the detection of synergy between two antibacterials has not been standardized. Although checkerboard analyses have been used extensively in the past, we feel that they are neither as sensitive nor as discriminatory as time-kill analysis to accurately detect synergy. Thus, we have conducted our assessment of telavancin synergy employing time-kill methodology (4, 6).
MICs were determined by broth macrodilution after 24 h of incubation. The kill kinetics of each drug were tested alone by incubating an initial inoculum of 5 ϫ 10 5 to 5 ϫ 10 6 CFU/ml with drug concentrations at the MIC, two dilutions above the MIC (2 and 4ϫ MIC), and three dilutions below the MIC (one-half [1/2], 1/4, and 1/8ϫ MIC) (4, 6) . Testing of oxacillin was performed in medium supplemented with 2% NaCl. Viability counts were performed after 0, 3, 6, 12, and 24 h of incubation at 35°C in a shaking water bath by plating undiluted and 10-fold serially diluted samples onto Trypticase soy-5% sheep blood agar plates (Becton Dickinson, Inc., Sparks, MD). Plates were incubated at 35°C for 24 to 48 h, and colony counts were determined. Quality control strains, as recommended by the Clinical and Laboratory Standards Institute (CLSI), were included (5).
Synergy testing was performed by time-kill methodology by combining telavancin with each of the seven antimicrobial agents listed above as follows: combinations were tested for each strain by pairing telavancin at 1/2ϫ MIC for that strain with the comparator at 1/2ϫ MIC in one tube, along with a second tube containing telavancin at 1/4ϫ MIC with the comparator at 1/4ϫ MIC, a third tube containing 1/2ϫ telavancin MIC and 1/4ϫ comparator MIC, and a fourth tube containing 1/4ϫ telavancin MIC and 1/2ϫ comparator MIC. All four of these combinations were tested against each strain, and synergy was noted when observed in each case. Due to the high MICs of some of the comparator drugs, we made the following exceptions: drugs with MICs of Ͼ128 g/ml were tested in combinations using 64 g/ml and 32 g/ml instead of 1/2ϫ and 1/4ϫ their MICs. Synergy was defined as a Ն2 log 10 decrease in CFU/ml between the combination and its most active constituent after 3, 6, 12, or 24 h (all time periods were evaluated), with the number of surviving organisms in the presence of the combination Ն2 log 10 CFU/ml below the starting inoculum. Synergy time-kills are usually read after 24 h of incubation, but we feel that assessment of viability at earlier time periods may also have clinical significance. This entire field has not been standardized, and we followed procedures accepted and published in previous reports (4, 6) .
Results of antimicrobial susceptibility by strain phenotype are presented in Table 1 . Thirty-eight of the isolates (including 1 VRSA strain) had telavancin MICs of 0.125 to 1 g/ml; two VRSA strains had telavancin MICs of 4 g/ml. Telavancin was tested alone in time-kill studies at 1ϫ, 2ϫ, and 4ϫ MIC against all 40 isolates. A summary of these data is shown in Table 2 .
Telavancin was bactericidal at 24 h against 36 of the 40 strains when tested at 2ϫ MIC and against 38 of the 40 strains when tested at 4ϫ MIC. The two strains against which telavancin was not bactericidal at 24 h at 4ϫ MIC were one VISA strain (Ϫ1.7 ⌬log 10 CFU/ml) and one vancomycin-susceptible S. aureus (VSSA) strain (Ϫ2.8 ⌬log 10 CFU/ml).
Synergy time-kill data obtained with each of the 40 isolates at the different time periods earlier than 24 h are listed in Table S1 in the supplemental material. The concentrations listed were the lowest at which synergy was observed. Table 3 shows the number of strains out of 40 tested isolates demonstrating synergy with the combination of telavancin and comparators, each at sub-MIC concentrations, at the 24-h time point. Results were also assessed for the number of strains showing synergy at concentrations of the comparator that were at or below the intermediate breakpoint for each comparator. All synergy with comparators at concentrations less than or equal to intermediate breakpoints was observed at concentrations of telavancin that were Յ1 g/ml (the susceptibility breakpoint for S. aureus). 0  26  13  0  27  26  9  27  27  26  2ϫ MIC  13  1  0  25  0  0  27  25  8  27  27  25  1ϫ MIC  10  0  0  24  3  0  27  20  5  23  21  16 hVISAϩVISA (n ϭ 10) 4ϫ M I C 3  1  0  3  1  0  3  3  1  3  3  3  2ϫ M I C  3  0  0  3  1  0  3  3  0  3  3  3  1ϫ M I C  2  0  0  3  0  0  2  1  0  2  2  2 a Ϫ1, 90% killing; Ϫ2, 99% killing; Ϫ3, 99.9% killing.
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When telavancin was combined with gentamicin, 38 of the strains (95%) showed synergy; 36 isolates (90%) showed synergy at concentrations less than or equal to intermediate breakpoint concentrations for gentamicin (Յ8 g/ml; synergistic concentrations, 0.25 to 4 g/ml). One of the strains originally resistant to gentamicin with an MIC of 16 g/ml showed synergy at a susceptible gentamicin concentration of 4 g/ml when combined with 0.25 g/ml of telavancin. The combination of telavancin with ceftriaxone led to synergy in 39 isolates (98%). Thirty-five strains (88%) showed synergy at Յ32 g/ml of ceftriaxone (intermediate breakpoint; synergistic concentrations, 4 to 32 g/ml). Thirty-four strains had resistant ceftriaxone MICs of 64 to Ͼ512 g/ml but showed synergy at concentrations of 16 to 32 g/ml when combined with telavancin, while one strain with an intermediate ceftriaxone MIC of 16 g/ml showed synergy at 4 g/ml. When telavancin and rifampin were combined, synergy was observed in 28 isolates (70%), with 26 strains (65%) showing synergy at concentrations less than or equal to the intermediate rifampin breakpoint (Յ2 g/ml; synergistic concentrations, 0.001 to 0.016 . When telavancin was combined with oxacillin, 24 strains (60%) showed synergy, but only 1 strain (3%) showed synergy at a concentration of oxacillin less than or equal to the susceptible breakpoint of 2 g/ml. This strain was resistant to oxacillin (MIC of 4 g/ml) but showed synergy at 1 g/ml. Figure 1 shows synergy time-kill results observed in one nosocomially isolated MRSA strain when tested with four different drug combinations. As can be seen, synergy was observed with telavancin in combination with gentamicin, ceftriaxone, meropenem, and rifampin at sub-MIC concentrations of all compounds.
Since there is no universally accepted definition of antagonism or indifference using synergy time-kill methodology (see Antimicrobial Agents and Chemotherapy Instructions to Authors [2]), we have described our findings as synergistic or nonsynergistic. None of the combinations tested yielded colony counts of Ͼ2 log 10 CFU/ml higher than those seen with the more active single drug tested by itself; thus, no indication of what could be interpreted as antagonism was observed with any combination studied. The highest synergy rates were found at 24 h when subinhibitory concentrations of telavancin were combined with clinically relevant, subinhibitory concentrations of gentamicin (90%), ceftriaxone (88%), meropenem (65%), and rifampin (65%). The clinical significance of these high rates of synergy observed in vitro remains to be ascertained. This study was sponsored by Theravance, Inc., South San Francisco, CA.
